Activation of the Sevenless (Sev) receptor tyrosine kinase (RTK) in the developing Drosophila eye is required for the specification of the R7 photoreceptor cell fate. Daughter of Sevenless (Dos), a putative multi-site adaptor protein, is a substrate of the Sev kinase and is known to associate with the tyrosine phosphatase Corkscrew (Csw). Binding of Csw to Dos depends on the Csw Src homology 2 (SH2) domains and is an essential step for signaling by the Sev RTK. Dos, however, lacks a recognizable phosphotyrosine interaction domain and it was previously unclear how it is recruited to the Sev receptor. Here it is shown that the SH2/SH3 domain adaptor protein Drk can provide this link. Drk binds with its SH2 domain to the autophosphorylated Sev receptor while the C-terminal SH3 domain is able to associate with Dos. The Drk SH3 domain binding motifs on Dos were mapped to two sites which do not conform the known Drk SH3 domain binding motif (PxxPxR) but instead have the consensus PxxxRxxKP. Mutational analysis in vitro and in vivo provided evidence that both Drk binding sites fulfil an important function in the context of Sev and Drosophila epidermal growth factor receptor mediated signaling processes. q
Introduction
The plethora of cellular responses that is induced by the activation of receptor tyrosine kinases (RTKs) is thought to be controlled at least in part by the repertoire of intracellular signaling proteins recruited to the activated receptor (Pawson and Nash, 2000; Pawson and Scott, 1997) . Ligand-induced RTK activation leads to autophosphorylation of the receptor, resulting in full activation of the catalytic domain and subsequent tyrosine phosphorylation of substrate proteins. The sequence context of the phosphotyrosine residue determines the specificity of association with proteins containing Src homology 2 (SH2) or phosphotyrosine-binding (PTB) domains (Forman-Kay and Pawson, 1999; Songyang et al., 1993) . Many proteins containing SH2 or PTB domains provide adaptor protein function by the presence of additional protein-protein interaction sites, for example SH3 domains. A well-studied adaptor protein is Grb2, which is comprised of a central SH2 domain flanked by two SH3 domains. Grb2 forms a complex with the Ras guanine nucleotide exchange factor Sos via its SH3 domains while the SH2 domain can bind to specific phosphotyrosine sites of the activated receptors thus providing a direct link between RTKs and the Ras/mitogen-activated protein kinase (MAPK) signaling pathway (Schlessinger, 2000) .
Alternatively, many RTKs trigger intracellular signaling pathways by the use of multi-site adaptor proteins that provide docking sites for several SH2 domain containing proteins. Members of the multi-site adaptor protein family include the insulin receptor substrate (IRS) proteins, Gab1, Gab2 and proteins of the p130Cas family in vertebrates (Feller, 2001; Gu et al., 1998; Holgado-Madruga et al., 1996; Yenush and White, 1997; Zhao et al., 1999) and the Soc-1 protein in Caenorhabditis elegans (Schutzman et al., 2001) . In Drosophila, two proteins of this family have been analyzed so far, Chico, a homologue of the IRS proteins (Boehni et al., 1999) and Daughter of Sevenless (Dos) (Herbst et al., 1996; Raabe et al., 1996) . These proteins could allow the integration and fine-tuning of signals by virtue of their ability to recruit multiple proteins to the activated RTK. Because any single multi-site adaptor protein can be used by different RTKs, there might be important differences in the recruitment of distinct sets of proteins bound to the adaptor protein in order to elicit specific biological responses.
One model system that has been extensively used to identify proteins involved in RTK signaling processes and to study their functional relevance in the context of a specific developmental process is the developing Drosophila compound eye. Each of the 800 ommatidia of a Drosophila eye contains a stereotypic arrangement of eight photoreceptor cells (R1-R8) and a number of non-neuronal cells. Two RTKs, Drosophila epidermal growth factor receptor (DER), the Drosophila homologue of the vertebrate EGF-RTK and Sevenless (Sev) play a crucial role in the generation of the different cell types in the eye. Whereas DER is involved in many stages during eye development, including proliferation, cell determination and cell survival (Dominguez et al., 1998) , activation of the Sev RTK is only required for determination of the R7 photoreceptor cell (Raabe, 2000) .
A major route by which Sev, as well as RTKs in general, transduce signals from the plasma membrane to the nucleus involves the small GTPase Ras and the MAPK signaling cassette which is comprised of the kinases Raf, Dsor1/ MEK and Rolled/MAPK (Schlessinger, 2000) . A direct link between Sev and the Ras/MAPK pathway is provided by Drk, the Drosophila homologue of the SH2/SH3 domain adaptor protein Grb2 (Olivier et al., 1993; Simon et al., 1993) . The Drk SH2 domain interacts with a specific phosphotyrosine residue (Y2546) in the intracellular domain of the activated Sev RTK while both Drk SH3 domains bind to proline-rich sequences of the guanine-nucleotide exchange factor Sos. However, this simplistic view of activation of the Ras/MAPK pathway was questioned by the observation that a Sev protein without a functional Drk binding site can still specify R7 photoreceptor cells in a Drk-and Ras/MAPKdependent manner (Raabe et al., 1995) arguing for the existence of alternative ways to activate the Ras/MAPK signaling pathway. Dos, which becomes tyrosine phosphorylated upon Sev activation, could fulfil this function (Herbst et al., 1996; Raabe et al., 1996) . Similar to the vertebrate Gab and IRS adaptor protein families, Dos contains a N-terminal pleckstrin homology (PH) domain and several tyrosine residues within consensus sites predicted to bind to a variety of SH2 domain containing proteins, including Drk, D-Shc, Phospolipase Cg (PLCg), the tyrosine phosphatase Corkscrew (Csw), and the regulatory subunit of Phosphoinositide 3-kinase (PI3K). However, genetic analyses in flies indicate that with the exception of two phosphotyrosine residues that interact with the Csw SH2 domains, all other predicted SH2 domain binding sites on Dos appear to be dispensable for Dos function or might fulfil redundant functions during signaling (Allard et al., 1998; Bausenwein et al., 2000; Herbst et al., 1999) . In a similar manner, association of Gab1 with the vertebrate Csw homologue Shp2, but not with PI3K, Shc or CRKL was shown to be essential for cMet-induced branching morphogenesis of MDCK kidney epithelial cells (Schaeper et al., 2000) .
The requirement of tyrosine phosphorylation of Dos for its in vivo function also raises the question how Dos becomes recruited to the activated RTK. Dos neither has a PTB domain like the IRS proteins nor does it contain sequences homologous to the Met-binding domain (MBD) of Gab1 which mediates interaction with the c-Met RTK (Weidner et al., 1996) . More recently, an indirect, Grb2-dependent mechanism for Gab1 recruitment to the c-Met and EGF RTKs has been described. Grb2 interacts with Gab1 primarily via its C-terminal SH3 domain leaving the Grb2 SH2 domain free to bind to the autophosphorylated RTK Nguyen et al., 1997) . Grb2 binding to Gab1 was mapped to two sites: a proline-rich sequence containing the consensus PxxP motif typical for binding SH3 domains and a novel motif (PxxxRxxKP) (Lewitzky et al., 2001; Lock et al., 2000; Schaeper et al., 2000) . The PxxxRxxKP sequence motif is also found in Gab2, c-Cbl, SLP-76 and AMSH which are all adaptor proteins involved in intracellular signal transmission regulation (Lewitzky et al., 2001 ) but also in the deubiquinating enzyme UBPY (Kato et al., 2000) . Several other cases of SH3 domains binding to motifs lacking the canonical PxxP core have also recently been described (Feller, 2001; Mayer, 2001) . Sequence comparison revealed that Dos contains two PxxxRxxKP motifs and several PxxP sites possibly indicating an interaction of Dos with SH3 domain proteins. Here, evidence is provided that the two PxxxRxxKP motifs in Dos are functional binding sites for the C-terminal SH3 domain of Drk. Substitution of the conserved arginine residues by lysines interferes with binding of Dos to Drk. To demonstrate a requirement for these binding sites in Sev and DER mediated signaling processes, mutant Dos proteins were tested for their ability to substitute the loss of endogenous Dos function in flies. Dos proteins lacking either SH3 domain binding site are impaired in their function in the Sev and DER pathway, whereas a Dos protein with both binding sites mutated is largely non-functional. Our results support a model in which an important step for signaling by the Sev and DER RTKs is to recruit Dos through interaction with Drk.
Results

Interaction of Dos with the N-and C-terminal Drk SH3 domain
Dos is a phosphorylation target of Sev, but a direct interaction between Dos and Sev has not been so far demonstrated. Previously it had been shown that Gab1 recruitment to RTKs can be accomplished through interaction with Grb2. Gab1 can form a constitutive complex with Grb2 which is primarily mediated via the C-terminal SH3 domain of Grb2 Nguyen et al., 1997) . To determine whether the Drosophila Grb2 homologue Drk can bind to Dos via its N-or C-terminal SH3 domain we performed precipitation experiments. The N-and C-terminal Drk SH3 domains were expressed as glutathione S-transferase (GST)-fusion proteins in bacteria and Drk-SH3(C)]. As a source of Dos protein, we used transfected HEK293 cells expressing the dos cDNA under the control of the CMV promotor. Protein lysates from transfected and non-transfected cells were prepared and analyzed for expression of Dos using an antiDos antiserum or incubated with purified Drk-SH3(N) or Drk-SH3(C) proteins. Western blot analysis of the purified protein complexes showed that Dos binds selectively to Drk-SH3(C) but not to Drk-SH3(N) in vitro (Fig. 1A) . Very similar results were obtained with protein extracts from transgenic flies expressing the dos cDNA under the control of the heat shock (hsp70) promotor (see subsequently). As a further control for specificity we tested the SH3 domain of PLCg, another putative interaction partner of Dos. No binding of the PLCg SH3 domain to Dos was detected (data not shown).
Dos contains two Drk SH3 domain binding sites
Dos has several PxxP motifs, but none of them fits the PxxPxR motif identified in the guanine nucleotide exchange factor Sos as the binding site for the Drk SH3 domains (Raabe et al., 1995) . More recently it has been shown that the Grb2 C-terminal SH3 domain binds to the sequence motif PxxxRxxKP (Lewitzky et al., 2001; Lock et al., 2000; Schaeper et al., 2000) . Dos contains two of these sites (pos 640: PPVNRKLKP and pos 692: PSVDRKCKP, see Fig. 2A ). To map the interaction sites between Dos and Drk, several Dos deletion constructs (Fig. 1B) were expressed in HEK293 cells and tested for their ability to bind to the Drk SH3 (C) domain in vitro. Only deletion of Dos protein sequences encompassing both PxxxRxxKP sites (positions 477-878) completely abolished the ability of Dos to associate with Drk-SH3(C) while deletion of the PxxP containing region (positions 211-507) did not affect binding (Fig. 1C) .
To determine whether both PxxxRxxKP motifs in Dos indeed can function as binding sites for the C-terminal SH3 domain of Drk, we mutated the conserved arginine residue in either predicted binding site alone (R644K and R696K) or in combination (R644, 696K) and tested the ability of the corresponding proteins upon expression in HEK293 cells to bind to Drk-SH3(C). As shown in Fig.  2B , mutation of both binding sites completely abolished binding of Dos to Drk-SH3(C) in vitro while mutation of either binding site alone resulted in a severe reduction of binding. This result indicates that both PxxxRxxKP motifs in Dos are able to bind to Drk-SH3(C). In order to confirm this result, peptides corresponding to amino acids 638-650 (Dos-P1) and 690-702 (Dos-P2) were synthesized ( Fig. 2A ) and used to compete for the Dos-Drk interaction. A peptide derived from the human SLP-76 protein (positions 231-243) was used as a positive control. This peptide contains a PxxxRxxKP motif and binds with high affinity to the Grb2-SH3(C) domain (Lewitzky et al., 2001) . As a control for specificity, a point-mutated SLP-76 peptide bearing an arginine to lysine substitution was included ( Fig. 2A) . For the peptide competition experiments, protein extracts from flies expressing the dos cDNA under the control of the hsp70 promoter were used. Flies were heat shocked for 1 h at 358C to induce ubiquitous expression of the dos-transgene and allowed to recover at room temperature for 5 h. Protein extracts were directly analyzed for Dos expression or incubated with the Drk-SH3(C) protein in the presence or absence of the indicated peptide (Fig. 2C ). Both Dos- , or Dos R696K were tested for expression of the corresponding protein (upper panel) or incubated with the GST-Drk-SH3(C). Purified complexes were analyzed using a polyclonal anti-HA serum. As a control, HA-Dos expressing cells were incubated with GST alone (GST). Both single mutations strongly reduced the Dos-Drk-SH3(C) interaction whereas the Dos R644,696K protein is unable to associate with Drk-SH3(C). (C) Binding of Dos to Drk-SH3(C) is competed by PxxxRxxKP-containing peptides. Heat shocked (HS 1 ) induced sE/hsp-dos transgenic flies express high levels of Dos protein (tot. ¼ total protein extract from two flies). Protein lysates from heat shocked flies were incubated with the Drk-SH3(C) protein in the presence or absence of the indicated peptide (50 mM, which is in 80-fold excess over the immobilized GST-SH3 fusion protein) and bound Dos protein was detected by Western blot analysis using an anti-Dos antibody (precip.). The Dos-Drk-SH3(C) interaction is efficiently blocked by the Dos-P1, Dos-P2 and SLP-76 peptides while the SLP-76 (R237K) mutant peptide is reduced in its ability to compete for the Dos-Drk SH3(C) interaction.
derived peptides and the wild-type SLP-76 peptide efficiently blocked binding of the Drk-SH3(C) domain to Dos. In contrast, the mutant SLP-76 peptide bearing a substitution of the central arginine residue by lysine was impaired in its ability to compete for the Dos-Drk-SH3(C) interaction (Fig. 2C) . Direct binding of the Dos-P1 and Dos-P2 peptides to the Drk-SH3(C) domain was also confirmed by tryptophan fluorescence measurements and isothermal titration calorimetry (data not shown).
Because the results described above are based on in vitro interactions of the isolated Drk-SH3(C) domain with Dos, we next tested in coimmunoprecipitation experiments whether full length Drk can associate in vivo with the wild-type Dos protein or a Dos protein with both Drk binding sites mutated (Dos R644,696K ). A Myc-tagged Drk protein was coexpressed with Dos or Dos R644,696K in HEK293 cells and the immunopurified protein complexes were analyzed by Western blot analysis. As shown in Fig. 3 , only the wildtype Dos protein interacts with Drk thus confirming the requirement of the identified PxxxRxxKP sites for binding of Drk to Dos in vivo.
In summary, these experiments indicate that the two PxxxRxxKP motifs in Dos constitute the major sites for a direct interaction with the C-terminal Drk SH3 domain. Therefore, these binding sites were named as Drk binding site 1 (DBS1, amino acids 638-650) and Drk binding site 2 (DBS2, amino acids 690-702).
Mutations in both Drk SH3 domain binding sites of Dos impair Sev and DER signal transduction
To determine whether the identified SH3 domain binding sites on Dos have an in vivo functional role in RTK signaling, we generated transgenic flies expressing the Dos, Dos R644K , Dos R696K or Dos R644,696K protein under the control of the sevenless (sev) enhancer and hsp70 promotor sequences (sE/hsp). This allowed cell type specific expression of the transgenic Dos proteins in all Sev expressing cells during eye development, or ubiquitous expression upon heat shock induction. Protein expression of the different transgenes was verified by Western blot analysis. Upon heat induction, similar levels of Dos protein accumulated in the transgenic strains expressing either the wild-type or the mutant proteins (data not shown).
As a first functional test, we assayed the ability of the Dos, Dos
R644K
, Dos R696K and Dos R644,696K proteins to compensate for the removal of the endogenous Dos protein function in the Sev pathway. Expression of a constitutively activated version of the Sev RTK under the control of the sev enhancer (sE-sev S11 ) causes a rough eye phenotype due to the transformation of cone cells into additional R7 cells ( Fig. 4A ; Basler et al., 1991) . The number of supernumerary R7 cells is dependent on the expression level of the activated Sev protein and can be modulated by altering the gene dosage of downstream signaling molecules. In the heterozygous state, the dos R31 mutation largely suppresses the rough eye phenotype (Fig. 4B , Raabe et al., 1996) such that most ommatidia have the wild-type number of photoreceptor cells. The dos R31 allele carries a nonsense mutation leading to premature termination of translation at amino acid position 463 (Bausenwein et al., 2000) . Thus, in dos R31 , both identified Drk SH3 domain binding sites are deleted (see Fig. 1B ). As previously shown (Bausenwein et al., 2000) , one copy of the sE/hsp-dos construct driven by the sE-enhancer is sufficient to restore the multiple R7 phenotype in sE/hsp-dos/1; dos R31 /sE-sev S11 flies (Fig. 4C ). In contrast, expression of the sE/hsp-dos R644,696K construct in a dos R31 /sE-sev S11 background did not result in a multi-R7 cell phenotype (Fig. 4D ). Compared to dos R31 /sE-sev S11 flies, the average number of R7 cells per ommatidium is not increased, indicating that a Dos protein lacking DBS1 and DBS2 is unable to fulfil its normal function during Sev signaling. To determine whether both SH3 domain binding sites are of equal importance for Sev signaling, flies expressing either the Dos R644K or Dos R696K protein were tested in the same assay. As shown in Fig. 4E , F, both single site mutant transgenes were largely non-functional although we consistently observed with different independent transgenic lines bearing the sE/hsp-dos R644K construct a slight increase in the number of ommatidia containing more than one R7 cell (Fig. 4F) . This indicates that the Dos R644K protein still has some residual activity. In summary, these experiments provide evidence that both Drk SH3 domain binding sites identified in this study have an essential function to transduce the signal from the Sev RTK.
Dos also functions downstream of the DER and Torso RTKs. Removal of Dos function in the eye and the wing results in phenotypes comparable to the phenotypes observed with DER loss-of-function alleles or mutations in other genes of the Ras/MAPK signaling cassette, namely absence of photoreceptor cell development and lack of wing veins . Heat shock-induced expression of the wild-type dos cDNA is sufficient to rescue the lethality of homozygous dos R31 animals. Flies expressing the wildtype dos cDNA in a dos R31 background display no abnormalities; in particular, we did not observe defects in eye (Fig.  5A, D) or wing vein morphology (data not shown). Heat shock-induced expression of the sE/hsp-dos R644K transgene rescued the lethality of homozygous dos R31 animals, although these flies display a rough eye phenotype ( Fig.  5B ) with many ommatidia lacking one or more photoreceptor cells (Fig. 5E ). This phenotype became much more pronounced when the sE/hsp-dos R696K transgene was expressed in a homozygous dos R31 background. Only a few flies survived and the eyes of these flies were reduced in size and most ommatidia lacked one or more photoreceptor cells (Fig. 5C, F) . In addition, we frequently observed the lack of wing vein structures (data not shown). In contrast to . In the wild-type, each ommatidium contains eight photoreceptor cells (R1-R8). R1-R6 have large rhabdomeres, the central R7 rhabdomere is small. The rhabdomere of the R8 cell is not visible in apical sections (see Fig. 5D for wild-type morphology). Expression of a constitutively activated version of the Sev kinase (Sev S11 ) results in recruitment of multiple R7 photoreceptor cells (A). The multi-R7 cell phenotype is almost completely suppressed in flies that are heterozygous for the dos R31 allele (B). Most ommatidia contain only a single R7 photoreceptor cell. One copy of the sE/hsp-dos construct expressed under the control of the sE is sufficient to restore the multi-R7 cell phenotype (C). In contrast, expression of the sE/ hsp-dos R644,696K transgene (D) in a dos R31 /sE-sev S11 background did not result in a multi-R7 phenotype. Also, sE/hsp-dos R696K (E) does not provide wild-type function. The sE/hsp-dos R644K (F) construct retains some activity. Many ommatidia have more than one R7 cell.
the Dos R644K or Dos R696K proteins, the Dos R644,696K protein completely failed to rescue the lethality of dos R31 animals. From these experiments we conclude that DBS1 and DBS2 in Dos are essential for DER mediated signaling in the eye. Mutant Dos proteins lacking either binding site alone are only impaired in their normal function whereas the Dos R644,696K protein is non-functional in this assay. As a further control, we also tested all transgenes for their ability to rescue the lethality of transheterozygous dos R31 / dos P115 and homozygous dos P115 animals. Dos P115 contains a P-element insertion within the first intron of the dos transcription unit . Since the translation start site lies in the first exon, dos P115 was considered to be a complete loss of function allele. (Fig. 6A, B) . Wing vein formation was also disrupted (Fig. 6C) . The phenotypes are characteristic of reduced DER signaling. The different behavior of the dos R644,696K transgene to rescue the lethality of the dos R31 or dos P115 animals could indicate that dos P115 is a hypomorphic allele. Alternatively, the Dos R644,696K protein has residual activity that is sufficient to rescue the lethality of dos P115 animals. In this case, expression of a truncated Dos protein in dos R31 animals could negatively interfere with the Dos R644,696K protein masking its residual function. Nevertheless, from the genetic studies it is evident that both Drk SH3 domain binding sites in Dos have an important function for signal transduction by least two different RTKs. In general, mutation of DBS2 causes more severe defects than mutation of DBS1.
Discussion
By combining biochemical and genetic approaches we have identified two Drk SH3 domain binding sites in Dos animals, yet the eye surface is slightly roughened (B) and many ommatidia lack photoreceptor cells (E). This phenotype becomes much more pronounced when Dos R696K is expressed in a dos R31 background (C,F).
that play a crucial role in signaling from the Sev and DER RTKs. Drk and the vertebrate homologue Grb2 have been shown to bind through their SH3 domains to proline-rich peptide sequences in the C-terminal half of the guanine nucleotide exchange factor Sos that conform the consensus sequences PxxPxR and adopt a left handed polyproline type II helix conformation (Mayer, 2001; Pawson, 1995) . In vitro binding studies indicated that this interaction is mediated primarily via the N-terminal SH3 domain (Li et al., 1993; Rozakis-Adcock et al., 1993) . The results obtained in vitro correlated with in vivo functional studies of the Drk and Grb2 proteins. The ability of Grb2 to support endoderm differentiation was abrogated by mutation of the N-terminal SH3 domain, whereas inactivation of the C-terminal SH3 domain only impaired Grb2 function in this process (Cheng et al., 1998) . Similarly, mutation of the Drk N-terminal SH3 domain completely disrupts the function of Drk in the Sev pathway whereas mutation of the C-terminal SH3 domain has only a weak effect on Sev signaling. Nonetheless, rescue of the lethality caused by mutation of the endogenous drk gene is dependent on the presence of both SH3 domains in the corresponding drk-transgene, suggesting that also the Cterminal SH3 domain of Drk has important functions in developmental processes controlled by RTKs (Raabe et al., 1995) . Despite these findings, the functions and binding specificities of the C-terminal SH3 domains of Drk and Grb2 remained poorly defined. More recently it became apparent that the C-terminal SH3 domain of Grb2 mediates the interaction with the adaptor protein Gab1. The association between Grb2 and Gab1 was mapped to two sites, one corresponded to the classical SH3 domain binding motif (PxxPxK), the second site defined a novel SH3 domain interaction motif (PxxxRxxKP) (Lock et al., 2000; Schaeper et al., 2000) . Here we have demonstrated that Dos is similar to Gab1 in its ability to bind the Drk SH3(C) domain but not the Drk SH3(N) domain. Unlike Gab1, Dos binding to Drk depends only on the two PxxxRxxKP sites (DBS1 and DBS2). Deletion of other putative SH3 binding sites (PxxP) neither affected Drk binding in vitro (Fig. 1C) nor was Dos function impaired in vivo (Herbst et al., 1999) . In contrast, mutation of DBS1 and DBS2 completely abolished Drk binding in coimmunoprecipitation experiments and disrupted Dos function in vivo. Mutation of either binding site alone was sufficient to impair signaling from the DER and Sev RTKs.
Although the in vitro binding studies indicated that the Dos-Drk interaction is mediated through binding of DBS1 and DBS2 to the C-terminal Drk SH3 domain, our genetic analysis indicated qualitative differences between DBS1 and DBS2. Mutation of the DBS2 site induced stronger defects than mutation of DBS1 indicating that the association of Dos with Drk is primarily mediated via the DBS2 site. Alternatively, DBS2 could act in addition also as a docking site for other SH3 domain proteins and therefore deletion of this site would cause more severe defects. In a first attempt to address this question, we tested one putative candidate, PLCg. The recruitment of additional R7 photoreceptor cells in PLCg-deficient flies (Thackeray et al., 1998 ) is suppressed by mutations in the dos gene (J. Riesgo-Escovar and T. R., unpublished observation). However, no interaction of the PLCg SH3 domain and Dos was observed (T.R. and H.W., unpublished). Dos also contains two tyrosine residues within a consensus sequence predicted to bind to the PLCg SH2 domains, but mutation of these tyrosine residues had no effect on Dos function in the Sev or DER signaling pathway (Bausenwein et al., 2000; Herbst et al., 1999) . At present it remains unclear, whether PLCg can directly bind to Dos.
The Drk-Dos interaction provides a new link between
Sev and the Ras/MAPK pathway Dos has been identified as a downstream component of various RTKs in Drosophila, including Sev, DER and Torso (Herbst et al., 1996; Raabe et al., 1996) . In order to fulfil its adaptor protein function for SH2 domain proteins, Dos has to be recruited to the activated RTK to become phosphorylated on specific tyrosine residues. Drk SH3 domain-mediated binding to Dos (this study) and association of the Drk SH2 domain with phosphotyrosine residue 2546 on Sev (Raabe et al., 1995) could provide this link. An important question that arises from these findings is whether this link is sufficient to mediate all biological responses from the activated Sev RTK. In the case of Gab1, there appear to be important differences in the ways it is recruited to different RTKs. Gab1 recruitment to the EGF RTK depends on the association of Gab1 with Grb2 SH3 domains. In contrast, a mutant Gab1 protein lacking both Grb2 SH3 binding sites can still directly associate via its MBD domain with a specific phosphotyrosine residue on the c-Met RTK (Lock et al., 2000; Schaeper et al., 2000) . Although DBS1 and DBS2 are important for Dos function in the Sev and DER signaling pathways, it is likely that other protein-protein interaction sites are also involved in Dos recruitment to Sev. This conclusion can be drawn from our previous genetic analysis using a mutated Sev receptor . Removal of tyrosine 2546 completely abolishes SH2-mediated binding of Drk to Sev and therefore should also block Dos recruitment to Sev. However, specification of the R7 photoreceptor cell fate is only partially impaired and still requires Dos and Drk function. Taking into account these findings it is surprising that a Dos protein lacking both Drk SH3 domain binding sites is non-functional in the Sev pathway. The tyrosine phosphatase Csw might provide an additional way to recruit Dos to Sev. Csw binds to tyrosine phosphorylated Dos by its SH2 domains whereas the interaction between Csw and Sev is independent of both Csw SH2 domains and Sev autophosphorylation (Allard et al., 1998) . Csw contains a YxN motif indicative of Drk SH2 domain binding, yet a mutant Csw protein lacking this site is not impaired in its function in the Sev signaling pathway (Allard et al., 1998) . To reconcile these data, we propose the following model (Fig. 7) . In the developing R7 cell, the Drk mediated recruitment of Dos to Sev plays the major role while in the absence of the tyrosine 2546 on Sev, Csw binding to Sev and Drk would still allow recruitment and subsequent phosphorylation of Dos by Sev. Only removal of DBSI and DBS2 would completely block the Drk and Csw-Drk mediated recruitment of Dos to Sev and therefore causes a much severe phenotype than blocking either link alone.
In conclusion, our data provide evidence that an essential function of Drk is to recruit Dos to the activated RTK. Following tyrosine phosphorylation of Dos, SH2 domain containing proteins can be assembled in the signaling complex. The functional significance of many of these binding sites in the context of signaling by a specific RTK remains to be established.
Experimental procedures
4.1. Plasmid construction, GST fusion expression and antibody production
The complete dos cDNA was cloned into a pBluescript w II KS (Stratagene) vector and further modified by addition of a C-terminal Myc or GFP-tag (Bausenwein et al., 2000) . The following oligonucleotides were used to introduce arginine to lysine substitutions at amino acid positions 644 and 696 by the QuickChangee Site-Directed Mutagenesis kit (Stratagene):
For expression of a full length HA-tagged Dos protein in HEK293 cells, the dos cDNA was cloned as an Eco47III-XbaI fragment into the pcDNA3-HA vector. The pcDNA3-HA-dos construct was further modified by introducing the R644K, R696K or the R644, 696K mutations. The pcDNA3-HA-dos D477-878 construct was generated by cloning an Eco47III-NheI fragment into the pcDNA3-HA vector. NruI digestion and religation resulted in deletion of amino acids 211-507, NruI-XbaI and FspI-XbaI fragments were used to generate pcDNA3-HA-dos D1-507 and pcDNA3-HA-dos D1-279 , respectively. Dos antiserum was generated by expressing GST-Dos (amino acids 38-878) in Escherichia coli. After bacterial lysis under standard conditions, the protein was found almost exclusively in the insoluble bacterial pellet. The pellets were therefore boiled in 1% SDS, incubated on ice overnight and cleared by centrifugation before being loaded on a preparative SDS-PAGE. The GST-Dos protein was used for immunization of rabbits by a commercial supplier. The specificity of the antisera was tested by immunoprecipitation and Western blot analysis using protein lysates from heat-shocked sE/ hsp-dos flies. Antiserum was usually used at 1:5000 for Western blots.
For expression of a full length Myc-tagged Drk protein in HEK293 cells, the drk cDNA was cloned after PCR amplification as an EcoRI-XhoI fragment into the pcDNA3-Myc vector. DNA fragments encoding the Drk SH3 (N) or Drk SH3 (C) domains were amplified by PCR and cloned into the pGEX-KG vector. GST-fusion proteins were expressed and glutathione-sepharose purified according to standard procedures. After elution with 100 mM glutathione, proteins were dialyzed three times with 1000 volumes 5 mM TrisHCl pH 7.5. 
Peptide synthesis
Synthesis was carried out as previously described (Kardinal et al., 2000) . The crude peptides were purified by reverse-phase HPLC on preparative Vydac C18 columns. Correct mass was checked by mass spectrometry (Sciex API III, Perkin Elmer).
4.3. In vitro association assay and protein complex formation inhibition.
Protein extracts were prepared from transiently transfected human embryonic kidney (HEK) 293 cells or from flies expressing the sE/hsp-dos transgene under heat-shock control. Flies were heat shocked for 1 h at 358C and allowed to recover at room temperature for 5 h. For transient transfections, 6 £ 10 5 HEK 293 cells were seeded in a 6 cm Petri dish and transfected 24 h later with 2 mg of the indicated pcDNA3-HA-dos DNA using the PolyFect reagent (Qiagen). Cells and tissues were lysed in RIPA 100 (20 mM Tris-HCl pH 7.5, 1 mM Na 2 EDTA, 0.1% sodium dodecylsulfate, 0.5% deoxycholate, 1% Triton X-100, 100 mM NaCl) containing an extra high concentration of protease inhibitors (10 mg/ml aprotinin (Roth), 0.2 mM phenylmethylsulfonyl fluoride (Sigma), 0.5 mg/ml leupeptin (Serva), 5 mg/ml antipain dihydrochloride (Sigma), 0.7 mg/ ml pepstatin A (1524488, Roche), 2 £ concentrated protease inhibitor cocktail (Complete, 1697489, Roche)). After clarification of the lysates by centrifugation at 10,000g for 30 min, the supernatants were stored at 2808C before use. For in vitro association and protein complex formation inhibition assays, 20 mg of GST or an equimolar amount of the indicated GST-tagged fusion proteins was mixed with 400 ml IP buffer (20 mM TrisHCl, pH 7.5, 1 mM Na 2 EDTA, 100 mM NaCl, 5% glycerol, 0.1% Tween 20, 1 mM dithiotreitol and inhibitors as described above), 20 ml glutathionesepharose beads, 0.5-1 mg of protein extract and peptides (final concentration 50 mM) as indicated. After mixing, samples were incubated for 60 min at 48C. The precipitates were washed three times with RIPA 100 buffer. After SDS-PAGE and semi-dry blotting, DOS bound to GST-fusion proteins was detected with DOS antiserum. For coimmunoprecipitation experiments, HEK293 cells were transfected with HA-tagged Dos or Dos R644,696K alone or cotransfected with Myc-tagged Drk. Total protein lysate (300 mg) was incubated with 5 ml of a monoclonal anti-Myc antibody (clone 9E10 (Santa Cruz)) for 10 min followed by incubation with protein-G-Agarose beads (Roche) for 2 h. The immunoprecipitates were collected by centrifugation. Proteins were eluted by boiling in SDS-sample buffer, resolved on a 8.5% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was probed either with a 1:2000 dilution of the anti-Myc antibody or the anti-Dos serum (1:5000). Detection was with HRP-coupled secondary antibodies and ECL.
Genetics
All dos cDNA constructs were cloned as Asp718-NotI fragments into a modified pW8 vector (Klemenz et al., 1987) under the control of the hsp70 promotor and a duplicated 1.2 kb sev enhancer element (Basler et al., 1991) . Transgenic lines were generated by injecting Qiagen-purified plasmid DNA into w 1118 embryos. For each construct, several independent transformant lines were established.
To assay whether the wild-type or the mutated sE/hspdos* transgenes can substitute for the function of the wildtype Dos protein in the Sev pathway, the average numbers of R7 cells per ommatidium from flies of the genotypes sESev S11 /1, or sE-Sev S11 /dos R31 /1, or sE/hsp-dos*/1; sESev S11 /dos R31 were compared. For each sE/hsp-dos* construct, at least three heads of two independent transgenic lines were analyzed. To test whether ubiquitous expression of the sE/hsp-dos* transgenes can rescue the lethality of the dos R31 or dos P115 mutations, animals carrying the appropriate transgene in a homozygous dos R31 or dos P115 or a transheterozygous dos R31 /dos P115 background were shifted for 60 min to 378C at 6 h intervals during development.
Histology and microscopy
For histological sections, heads were fixed with OsO 4 as described previously (Basler et al., 1991) and embedded in EPON. 1 mm eye sections were cut with an Ultracut microtom (Reichert and Jung) and stained with toluidine blue/ borax solution for microscopy (Leitz, Aristoplan). For scanning electron microscopy, adult flies were fixed in 6.25% glutardialdehyde, end-point dried and coated with palladium/gold.
